Phenol, p-cresol, and volatile fatty acids (VFA; acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids) were used as odor indicators of swine waste. Aeration of the waste allowed the indigenous microorganisms to grow and degrade these malodorous substances. The time required for degradation of these substances varied according to the waste used, and it was not necessarily related to their concentrations. Using a minimal medium which contained one of the malodorous compounds as sole carbon source, we have selected from swine waste microorganisms that can grow in the medium. The majority of these microorganisms were able to degrade the same substrate when inoculated in sterilized swine waste but with an efficiency varying from one strain to the other. None of these strains was able to degrade all malodorous substances studied. Within 6 days of incubation these selected strains degraded the following: Acinetobacter calcoaceticus, phenol and all VFA; Alcaligenesfaecalis, p-cresol and all VFA; Corynebacterium glutamicum and Micrococcus sp., phenol, p-cresol, and acetic and propionic acids; Arthrobacterflavescens, all VFA. On a laboratory scale, the massive inoculation of swine waste with C. glutamicum or Micrococcus sp. accelerated degradation of the malodorous substances. However, this effect was not observed with all of the various swine wastes tested. These results suggest that an efficient deodorization process of various swine wastes could be developed at the farm level based on the aerobic indigenous microflora of each waste.
Land spreading and storage of swine waste are the principal causes of complaints about agricultural odors. This is largely due to the change from keeping pigs on straw to keeping them on slatted floors and the consequent collection of feces and urine as slurries. Anaerobic microbial activity during slurry storage results in the production of malodorous compounds (18, 21) . Schaefer (17) has identified many volatile compounds among the malodorous components of swine waste. However, the main components identified in the manure that were present in the ventilation air in distinctly measurable amounts included phenol, p-cresol, and the carboxylic acids C2 to C5. Volatile fatty acids (VFA) and p-cresol have been considered by Spoelstra (19) to be the most suitable indicators of odors emanating from pig manure, while Williams (20) thought the most widely applicable indicator was supernatant biological oxygen demand.
Aeration of waste is known to reduce or eliminate odor as a result of microbial activity (6; A. G. Williams, Ph.D. thesis, University of Glasgow, Glasgow, Scotland, U.K., 1981). Ishaque et al. (11) have shown that phenol and p-cresol were completely degraded under aerobic conditions by microorganisms indigenous to swine waste. The microflora in the waste are rapidly modified during aeration and become dominated by a treatment microflora. Robinson et al. (16) have shown that Acinetobacter spp. became the dominant microflora when swine waste was treated aerobically at 20 to 30°C. In continous-treatment studies with pig waste, many different species have been found whose frequency of occurrence varied with changes in operating parameters (J. R. Saxon, M.S. thesis, Aberdeen University, Scotland, U.K., 1972). Intermittent aeration of pig liquid manure produced significant shifts in the microflora; gramnegative, nonfermentative organisms such as Alcaligenes, * Corresponding author.
Pseudomonas, Moraxella, and Paracoccus spp. were found to be the most dominant under such conditions (9) . However, there are relatively few reports on the aerobic microorganisms implicated in odor control as such. Streptomyces griseus, Streptomyces antibioticus, and Corynebacterium sp. have been shown to utilize VFA (12, 13) and thus have been considered to possess strong deodorizing activity in pig feces.
Ritter (15) has reported that commercial digestive deodorants which contain bacteria and enzymes have limited success in controlling odor. In the present study, we have selected and identified microorganisms from swine waste that were able to degrade phenol, p-cresol, and VFA to define a better aerobic treatment process for odor control.
MATERIALS AND METHODS
Swine wastes. Swine waste from three fattening farms (A, B, C) was used in this study (4 (1) .
VFA were extracted by a method similar to that used by Holdeman et al. (10) . One milliliter of swine waste was successively mixed with 1 ml of KOH (2 N) and 6 ml of ether and then centrifuged at 2,000 x g for 5 min. The aqueous phase was recovered, while the ether phase was discarded.
The tube was rinsed with 10 ml of distilled water, which was then pooled with the aqueous phase. The resulting aqueous phase was acidified with 1 ml of 50% (vol/vol) H2SO4 and extracted with 10 ml of ether. The aqueous phase was discarded, and the ether phase was dehydrated by filtration through a column of anhydrous Na2SO4. The column was rinsed twice with 10 propionic acid, 840; isobutyric acid, 9,500; butyric acid, 9,500; isovaleric acid, 1,400; valeric acid, 1,400.
(i) Phenol or p-cresol or both. Waste C0 was diluted (1:10) in 0.02 M phosphate buffer, pH 7.0, and 0.1 ml was inoculated into 10 ml of Ralston and Vela medium containing phenol or p-cresol. These cultures were incubated at 29°C and shaken at 200 rpm. The cultures in which the bacteria were able to grow and to acidify the medium, as judged by the shifting of the pH indicator from purple to yellow after 3 days of incubation, were inoculated (0.1 ml) on the surface of Ralston and Vela solid media containing the same carbon source. The colonies which changed the color of the surrounding solid medium from purple to yellow after 3 days of incubation at 29°C were isolated in pure cultures.
Some of the strains capable of growth on phenol were inoculated on Ralston and Vela medium containing p-cresol. The colonies which produced a yellow coloration of the agar after 72 h of incubation at 29°C were isolated in pure cultures.
We also used as starting material swine waste C0 incubated for 17 days at 29°C and 200 rpm to which phenol (40 mg/liter) was added at days 3, 5, 7, 10, and 13. This was done as an enrichment procedure for phenol-degrading microorganisms. The same selection procedure as described above was then followed.
(ii) VFA. Waste C0 was also inoculated with a loop on Ralston and Vela solid medium containing all of the VFA studied. After 72 h of incubation at 29°C, macroscopically different colonies were isolated in pure culture by replication on Columbia blood agar. Each of these cultures was inoculated on Ralston and Vela medium containing only one of the VFA. The strains showing good growth on the majority of the VFA were selected.
Effect of selected microorganisms in sterilized swine waste. The selected strains were grown on brain heart infusion medium (Difco), and standardized suspensions of each of these strains were prepared by adjusting the optical density of the culture to 0.7 at 540 nm with a Coleman Junior IIA spectrophotometer (The Perkin-Elmer Corp., Oak Brook, Ill.). A volume of 10 ml of such a suspension (109 CFU/ml) was inoculated into 100 ml of sterilized swine waste C2. The cultures were incubated for a maximum of 6 days at 29°C and 200 rpm, and growth was followed by determining CFU per milliliter. Periodically, the concentrations of the different malodorous compounds were determined in the cultures. The strain showing the best degradation of the substrate for which it was selected was also tested for its effect on the other malodorous substances.
Identification of microorganisms. The strains showing the best degradation in sterilized swine waste C2 of the odor indicator for which it was selected were identified with the API system (API Laboratory Products Ltd., Montreal, Que., Canada) or by standard conventional methods at the Quebec Laboratory of Public Health. Strain LP-6 was identified at the Institut Pasteur, Paris, France.
Effect of the selected strains LP-6 and LP-17-2 in different swine wastes. The effect of the selected strains LP-6 and LP-17-2 on the malodorous substances was also determined in nonsterilized swine wastes C3, B1, and A. The procedure was similar to the one already described for sterilized swine waste except that 1 or 10 ml (or both) of the standardized suspensions was used as inoculum and the cultures were incubated at 15 instead of 29°C. However, the VFA isobutyric, butyric, isovaleric, and valeric acids were not measured. The effect of the indigenous flora on the malodorous substances was also determined in parallel as a control. By comparing the results obtained for the control and the other cultures, we were able to estimate the effect of strains LP-6 and LP-17-2 on the malodorous substances under these conditions. Also, we were able to follow the growth of strains LP-6 and LP-17-2 since the colonies of these strains were easily distinguishable from the colonies formed by the indigenous microflora. Colonies of strain LP-6 were large, circular, and opalescent with a distinct yellow tint and had a smooth surface with a waxy shine, while colonies of strain LP-17-2 were small, circular, convex, white, and granular.
RESULTS AND DISCUSSION Effect of indigenous microflora. The indigenous microorganisms of wastes C1, C2, and Bo grew from 106-107 to 109-1010 CFU/ml and degraded phenol, p-cresol, and VFA of the wastes in only a few days of incubation at 29°C under aerobic conditions ( Table 1 ). The role of the indigenous microflora in odor control has not been extensively studied. It is well known that under anaerobic conditions the microflora is responsible for the production of malodorous substances (18, 21) . During aeration of the waste, the production of these substances is prevented and the waste is stabilized by the aerobic microflora (6) . The present study has provided direct evidence confirming the findings of Ishaque et al. (11) and Ohta and Ikeda (12) that this microflora can also degrade malodorous substances such as phenol, p-cresol, and VFA. However, the time required for degradation of phenol and p-cresol varied according to the waste used and it was not necessarily related to their concentrations as in the cases of wastes C2 and Bo. Other factors such as the different abilities of the microflora or the presence of different amounts of carbon sources in the wastes might explain this phenomenon. This situation reflects the fact that swine wastes are different from one farm to another and also at the same farm when taken at different times (5) .
Selection of microorganisms. Contrary to other investigators (9, 16; Saxon, M.S. thesis) who have shown that some microorganisms will dominate in a treatment, we have selected microorganisms responsible for the degradation of malodorous substances of swine waste (Table 2) . Even though the synthetic medium of Ralston and Vela (14) was originally used to detect phenol-degrading bacteria, in this study it also served to detect bacteria which degrade p-cresol and VFA. More recently, Ohta and Sato (13) have designed a synthetic medium for the study of deodorant microorganisms. Three strains, R-1, R-2, and R-6, were able to use phenol as sole carbon source, while strains R-4, R-8, R-9, R-10, and R-12 used p-cresol. Ten strains which could grow on phenol and p-cresol were also selected from swine waste; four of these (the LP-17 strains) were obtained following the enrichment procedure with phenol as substrate. A total of 26 pure cultures were isolated which were capable of growing on a mixture of VFA as sole carbon source. Only three of these isolates showed growth on each of the VFA used. Degradation of the malodorous substances in the Ralston and Vela synthetic medium was assessed by growth of the microorganisms and, for phenol and p-cresol, by acidification of the medium.
Effect of selected microorganisms in sterilized swine waste. When inoculated in sterilized swine waste C2, the majority of the selected strains were able to degrade the malodorous substance for which they were selected (Table 2) . Thus, even in the presence of other carbon sources, the malodorous substances could be degraded. However, the speed of degradation varied from one strain to the other. The strains showing the best degradation of the malodorous substance Acinetobacter calcoaceticus (R-2, R-6) 100 0 100 100 100 Alcaligenesfaecalis (R-4, R-12) 0 100 100 100 100
Corynebacterium glutamicum (LP-6) 100 100 100 100 0 Micrococcus sp. (LP-17-2) 100 100 100 100 0 Arthrobacterflavescens (1-iv) 0 0 100 100 100
a After incubation at 29°C and 200 rpm for the period necessary to obtain 100% degradation of the substrate for which the strain was selected (see Table 2 ).
for which they were selected were identified ( The metabolism of aromatic compounds such as phenol and p-cresol by aerobic microorganisms has been extensively studied, and the metabolic pathways have been established (2, 3, 7) . It is well known that many of the microorganisms degrading phenolic compounds belong to the genera Pseudomonas, Acinetobacter, Bacillus, Alcaligenes, and Norcardia (2). These microorganisms have been isolated from different environments other than swine waste, such as activated sludges, earth, rivers, and industrial effluents. The microorganisms selected from swine waste for their ability to degrade phenol were Acinetobacter calcoaceticus, Corynebacterium glutamicum, and Micrococcus sp. Ohta and Ikeda (12) have shown that all of the actinomycetes and none of the bacteria, fungi, and yeasts isolated deodorized pig feces based on their degradation of VFA. Their actinomycete isolates deodorized the pig feces within 2 days, while we have shown that A. flavescens took 3 days. These authors did not study the effect of the antinomycetes on phenol and p-cresol. All of the other bacterial strains we selected were able to degrade at least two of the VFA. C. glutamicum strain LP-6 degraded the VFA acetic and propionic acids. Ohta and Sato (13) have isolated Corynebacterium sp. from a seed culture which could readily utilize VFA and which thus deodorizes pig feces.
Effect of selected strains LP-6 and LP-17-2 in various swine wastes. The experiments that use nonsterilized swine wastes were conducted at 15°C to better simulate the temperature encountered at the farm. The indigenous microflora of swine waste C3 was able to degrade most of the phenol, p-cresol, and acetic and propionic acids in 4 days at this temperature ( Table 4 ). The inoculation of 107 and 108 CFU of C. glutamicum strain LP-6 or 107 CFU of Micrococcus sp. explain possible failure of inoculation to enhance biodegradation. In another experiment, a manure activator was inoculated in waste C3 as specified by the manufacturer. This commercial product, which contains enzymes and selected bacteria, did not accelerate the degradation of the malodorous substances at 15°C (unpublished data).
Since the indigenous microorganisms of the various wastes were present in high concentration and were able to rapidly degrade the malodorous substances in the presence of oxygen, we had to inoculate massively the selected microorganisms to accelerate degradation of the malodorous substances. Such massive inoculation can be achieved only on a laboratory scale, not at the farm level where the volumes of waste to be treated are considerable. However, Ritter (15) mentioned that, for supplemental bacterial cultures to work, it has been found that the smaller the system, the greater the number of microorganisms required. Research data have indicated limited success with digestive deodorants since they have been shown to work in some cases and not in others (15) . Microorganisms selected from a given swine waste are not necessarily well adapted to other swine wastes. We believe that an efficient deodorization process of various swine wastes could be developed at the farm level based on the aerobic indigenous microflora of each waste. Further study of the physicochemical properties of swine wastes and of the members of the indigenous microflora implicated in the degradation of malodorous substances might lead to the development of a better deodorization process.
